W e have previously reported the construction of a soluble single-chain TCR (scTCR) 2 -cytokine fusion protein (c264scTCR/IL-2) comprising of IL-2 genetically linked to a soluble HLA-A*0201-restricted TCR recognizing a peptide of human p53 protein (1, 2) . This c264scTCR/IL-2 fusion protein exhibits potent targeted anti-tumor activity in nude mice bearing human tumor xenografts that display cognate peptide/HLA complexes (1, 2) . Our studies further support a model where c264scTCR/IL-2 activates immune cells expressing IL-2 receptors. Following stable interaction with cell surface IL-2 receptors, c264scTCR/IL-2 fusion molecules increase accumulation of immune cells at the site of tumors displaying target peptide/HLA complexes where immune cells mediate antitumor effects (2) .
To further explore the anti-tumor activity of scTCR-cytokine fusions, we substituted the IL-2 portion of the molecule with the human IL-15 protein (hIL-15). IL-15 and IL-2 are structurally related and belong to the family of four ␣-helix bundle cytokines (3) . The cell surface receptors for IL-15 and IL-2 comprise three subunits: the cytokine-specific receptor ␣-chains (IL-15R␣ and IL-2R␣, respectively) and the shared IL-15R␤-(also known as IL-2R␤ or CD122) and common ␥ (␥ c )-chains. Despite sharing critical receptor and signaling components; overlapping activities supporting development; and survival and function of T cells, B cells and NK cells; IL-15 and IL-2 exert fundamentally distinct functions (3, 4) . IL-2 has critical roles in activation-induced cell death and in the development and maintenance of CD4 ϩ and CD25 ϩ regulatory T cells to prevent autoimmune diseases. In contrast, IL-15 plays an essential role in supporting the survival of CD44 high CD8 ϩ memory T cells for long-lasting, high-avidity T cell response to infections (4) . The functional difference between IL-15 and IL-2, therefore, suggests that IL-15 could be more effective than IL-2 in augmentation of T cell responses against cancer and infectious agents. The potent anti-tumor activity of IL-15 has recently been shown in various experimental cancer models in animals (5-7). Additionally, IL-15 is unique among cytokines due to its participation in a trans signaling mechanism in which IL-15R␣ on monocytes or dendritic cells present IL-15 to neighboring NK or CD8 ϩ T cells expressing IL-15R␤-␥ c -chains (3) . The use of recombinant hIL-15 (rhIL-15) as a therapeutic is precluded by its poor expression level in standard mammalian cell systems and the need for high doses to achieve biological responses in vivo (8, 9) . To overcome this, we used targeted mutagenesis to improve the biological activity of hIL-15. In this paper, we report the characterization of a superagonist form of hIL-15 created by the introduction of an aspartic acid substitution of asparagine at the amino acid residue 72 of the mature protein.
hybridoma BF1 8A3.31 (ATCC), purified with protein A-coupled Sepharose 4 Fast Flow column (GE Healthcare Life Sciences), and biotinylated with EZ-Link Sulfo-NHS-LC-Biotin (Pierce) according to manufacture's instructions.
RT-PCR and mutagenesis
hIL-15, hIL-15R␣, and hIL-15R␤ genes were amplified by reverse transcriptase PCR (Invitrogen) from total RNA obtained from normal human donor PBMC using the RNeasy kit (Qiagen). The following primers were used: hIL-15, forward-CACCTTGCCATAGCCAGCTCTTC and reverse-GTCTAAGCAGCAGAGTGATGTTTG; hIL-15R␣, forward-AGTCC AGCGGTGTCCTGTGG and reverse-TGACGCGTTTAAGTGGTG TCGCTGTGCCCTG; and hIL-15R␤, forward-TCCTTCCTCGGCTCC ACCCTG and reverse-AGCTGCCTGCCTCCCACCCTG.
Site-specific mutants of hIL-15 were generated in a two-step process in which forward and reverse primers encoding specific codon mutations were used to amplify the hIL-15 gene segments by PCR using PfuUltra polymerase (Promega). The resulting PCR products were gel purified and used as templates in a second PCR to amplify the entire hIL-15 mutein gene with forward and reverse primers containing restriction sites to facilitate cloning. Random mutations were also introduced into the hIL-15 gene at amino acid position 72 by PCR using the KOD Hot Start DNA Polymerase kit (Calbiochem), plasmid DNA containing the hIL-15 gene isolated from a Dam ϩ E. coli strain as a template, and 21 nucleotide mutagenesis primer with NNN at the position corresponding to codon 72. The resulting PCR products were digested with DpnI to remove the Dam-methylated template DNA.
Gene expression and protein production
The rhIL-15 used as a control in these studies was produced by cloning DNA sequences for hIL-15 into the pET28b plasmid and expressed as inclusion bodies in the E. coli host BL21-AI. The inclusion bodies were solubilized in 8 M guanidine hydrochloride and dilution-refolded in a redox buffer containing oxidized and reduced glutathiones. Refolded rhIL-15 was orthogonally purified using hydrophobic interaction (Butyl-650M), ion exchange (Source 15Q, Q XL ), and size exclusion (Superdex 75) chromatographies. The final product was formulated in 25 mM Na 2 HPO 4 and 500 mM NaCl pH 7.4. This refolded and purified rIL-15 was used in the IL-15-specific ELISA methods as a standard to quantitate and normalize rhIL-15 and rhIL-15 mutein concentrations in different preparations. The rhIL-15 and rhIL-15 mutein genes containing a 5Ј ATG codon and 3Ј TGA TAA stop codons were also cloned into the pDG-160 expression vector and transformed into E. coli DG-116 competent cells (10) . The expression of rhIL-15 and rhIL-15 muteins under the control of the P L promoter was induced at 42°C. After cell lysis with sonication, inclusion bodies were separated, washed, and dissolved in 8 M urea, 60 mM MES buffer pH 6.5, 0.1 mM EDTA, and 0.1 mM DTT. For renaturation, the solubilized proteins were dialyzed overnight against 10 mM phosphate buffer pH 7.0 containing 40 mM NaCl and 2.5% sucrose. The refolded rhIL-15 and rhIL-15 muteins were further purified using Q Sepharose chromatography.
To express hIL-15, hIL-15 muteins, or the sushi domain of hIL-15R␣ (hIL-15R␣Su) as a TCR fusion protein, the respective coding sequences were used to replace the IL-2 gene in the c264scTCR/IL2 mammalian expression vector described previously (1) . Sequence encoding a mutated human IgG1 hinge region (EPKSSDKTHTSPPSP) was used as a linker between the c264scTCR gene and the hIL-15, hIL-15 mutein, or hIL15R␣Su coding regions. The resulting expression vectors were transfected into CHO cells followed by selection in medium containing 2 mg/ml G418 (Invitrogen). The soluble fusion proteins were purified from culture medium with an anti-human TCR C␤ mAb (BF1) coupled to a Sepharose 4 Fast Flow column as described previously (1) .
To express hIL-15R␤ in 32D or TF-1 cells, the hIL-15R␤ coding region was cloned into the retrovirus expression vector pMSGV-1 (11) that was modified by introducing the puromycin resistant gene after the IRES region. The Phoenix Eco packaging cell line was used to produce pseudovirus to transduce 32D cells. The 293GP cell line cotransfected with pMD2-G to produce vesicular stomatitis virus G env (12) was used to produce pseudovirus to transduce TF-1 cells. Cells transduced with pseudovirus were selected with puromycin and the hIL-15R␤ expression was verified by staining with anti-CD122 Ab (BD Biosciences). 32D cells stably expressing hIL-15R␤ were referred to as 32D␤ cells and TF-1 cells stably expressing hIL-15R␤ were referred to as TF-1␤ cells.
ELISA
The 96-well microtiter plates were coated with 3 g/ml mouse anti-hIL-15 Ab (MAB647; R&D Systems) or 1 g/ml scTCR/hIL-15R␣Su in coating buffer (10 mM Tris, pH 8.5, 0.3 mM NaCl) for 2 h at 4°C. The plates were washed thoroughly, blocked with 1% BSA/PBS, and incubated with increasing concentrations of hIL-15 or hIL-15 muteins for 30 min at room temperature. The plates were washed and incubated with 50 ng/ml biotinylated mouse anti-hIL-15 Ab (BAM247; R&D Systems) for 30 min at room temperature, then washed and incubated with HRP-conjugated streptavidin (Jackson ImmunoResearch Laboratories) for 10 min at room temperature. Finally, the plates were washed and the reaction developed with addition of ABTS (Pierce) for 2-5 min. The plates were read with a microtiter reader (Molecular Devices) at 405 nm.
Cell proliferation assays
To measure cell proliferation, CTLL-2, 32D␤, and TF-1␤ cells (2 ϫ 10 4 cells/well) were incubated with increasing concentrations of rhIL-15, rhIL-15 muteins, scTCR/hIL-15, or scTCR/hIL-15 muteins for 48 h at 37°C. In some assays, the recombinant cytokines were mixed with an equal molar concentration of soluble human or mouse IL-15R␣-Fc chimeric fusion protein (R&D Systems) and incubated for 10 min at 4°C before addition to the cells. Cell proliferation reagent WST-1 (Roche) was added during the last 4 h of cell growth according to the manufacturer's procedures. Conversion of WST-1 to the colored formazan dye by metabolically active cells was determined through absorbance measurements at 440 nm. The EC 50 was determined with the dose-response curve generated from the experimental data by nonlinear regression variable slope curve-fitting with GraphPad Prism4 software (GraphPad).
Flow cytometry, apoptosis, and competitive binding
To measure hIL-15R␤ expression on the cell surface, 32D, 32D␤, TF-1, and TF-1␤ cells were stained with biotinylated mouse anti-human CD122 mAb (0.5 g/ml) for 20 min at 4°C. Following a wash step, the cells were then stained with PE-conjugated streptavidin (0.5 g/ml) (Jackson ImmunoResearch Laboratories) for 20 min. Cells were washed, resuspended, and analyzed on a FACScan flow cytometry using CellQuest software (BD Bioscience).
To measure cell apoptosis, 32D␤ cells were seeded in 24-well plates at 1 ϫ 10 5 cells/well and cultured in IMDM complete medium with increasing concentrations of rhIL-15 or rhIL-15N72D mutein for 48 h at 37°C. Cells were stained using the Annexin V-FITC apoptosis detection kit (BD Bioscience) according to manufacture's protocol and analyzed by flow cytometry as described above.
To compare the binding ability of rhIL-15 and rhIL-15N72D to hIL-15 receptor complexes on cell surface, TF-1 or TF-1␤ cells were incubated with increasing concentrations of rhIL-15 or rhIL-15N72D for 15 min at 4°C and then stained with c264scTCR/hIL-15 for 30 min. The binding of c264scTCR/hIL-15 was in turn detected with the biotinylated anti-human TCR C␤ Ab for 15 min and PE-conjugated streptavidin (0.5 g/ml) for 15 min. Fluorescence intensity was analyzed by flow cytometry as described above and the geometric mean was determined. The percent inhibition was calculated using the following formula: 100% ϫ [(Pos Ϫ Exp)/(Pos Ϫ Neg)], where Exp is the binding of scTCR/hIL-15 in the presence of rhIL-15 or rhIL-15N72D; Neg is the binding of the secondary reagent only in the absence of scTCR/hIL-15 or rhIL-15; and Pos is the binding of scTCR/hIL15 in the absence of rhIL-15 or rhIL-15N72D. The IC 50 was determined with the dose-response curve generated from the experimental data by nonlinear regression variable slope curve-fitting with GraphPad Prism4 software (GraphPad).
Immunoblotting of phosphorylated proteins
To reduce basal phosphorylation levels, TF-1␤ cells were first cultured in IMDM complete medium plus 0.1 ng/ml GM-CSF overnight and then incubated in serum-free IMDM for an additional 4 h. The starved cells (4 ϫ 10 6 cells/ml) were untreated or treated with 10 pM of rhIL-15 or rhIL-15N72D for 15 min. Cells were extracted in the cell lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 2 mM EDTA, 2 mM Na 3 OV 4 , 2 mM NaF, 1ϫ protease inhibitor mixture; all from Sigma-Aldrich). Protein concentration of cell extracts was determined with Lowery assays. Equal amounts of cell extracts (100 g) were separated under reducing conditions by 8% Tris-glycine PAGE and transferred onto a 0.2-m nitrocellulose membrane (GE Healthcare). The membranes were blocked with Odyssey blocking buffer (LI-COR) for 1 h and probed with anti-pJak1 (Tyr 1022/1023; Santa Cruz Biotechnology) or anti-pStat5 (Tyr 694; Cell Signaling) in Odyssey blocking buffer overnight at 4°C. The same membranes were then reprobed using anti-native protein mouse mAbs against Jak1 or Stat5 (BD Biosciences). Primary Ab binding to the membrane was detected by incubation with either IRDye 700DX-conjugated anti-rabbit IgG or IRDye 800-conjugated anti-mouse IgG (LI-COR), followed by visualization with the Odyssey scanner using Odyssey analysis software v1.1 (LI-COR). To correct for possible variation in the amount of protein loaded, the values were expressed as phosphoprotein/native protein ratios (e.g., pJak1/Jak1). Results were expressed as the fold increase with respect to the levels obtained from untreated cells.
Results

Construction of scTCR and human IL-15 fusion protein
A fusion protein was constructed by fusing hIL-15 to a threedomain, HLA-A*0201-restricted chimeric TCR specific for a p53 peptide Ag. This fusion protein is similar to the c264scTCR/IL-2 molecule described previously (1) , except that the coding regions of IL-2 and the linker between the scTCR and IL-2 have been replaced with that of hIL-15 and the modified human IgG1 hinge sequence. This fusion protein is designated as c264scTCR/hIL-15 (Fig. 1A) . The gene for this fusion protein was stably transfected into CHO cells and the protein was purified from cell culture medium by immunoaffinity chromatography as previously described (1).
The hIL-15 receptor binding capability of the hIL-15 domain of the c264scTCR/hIL-15 fusion protein was studied using flow cytometry analysis. CTLL-2 cells expressing mouse IL-15 receptor complex (i.e., mIL-15R␣-mIL-15R␤-m␥ c ) were incubated either with c264scTCR/hIL-15 or c264scTCR/BirA (13) and stained with the Ab BF-1 that recognizes an epitope on the human TCR C␤ domain of the c264TCR (1). As shown in Fig.  1B , left, the CTLL-2 cells were stained positively with c264TCR/hIL-15, but not with c264scTCR/BirA, indicating that the hIL-15 portion of c264scTCR/hIL-15 is capable of binding the mouse IL-15 receptor complex. When the PE-labeled p53 (aa 264 -272) peptide-loaded HLA-A*0201 tetramers were used to substitute the BF-1 Ab in the flow cytometry analysis, we found that the tetramers positively stained the c264scTCR/hIL-15, but not the c264scTCR/BirA-treated CTLL-2 cells (Fig. 1B, right) . These data also indicate that the TCR portion of c264scTCR/hIL-15 fusion is capable of recognizing its cognate peptide/HLA molecules.
The hIL-15 biological activity of the fusion protein was examined with cell proliferation assays using 32D␤ cells. As shown in Fig. 1C , the ability of c264TCR/hIL-15 to support the growth of 32D␤ was concentration-dependent, exhibiting half-maximal stimulation (EC 50 ) at ϳ300 pM compared with 130 pM for rhIL-15. The observed two-fold difference in relative activity of the c264TCR/hIL-15 fusion protein and free cytokine is less than that reported for other IL-15 fusion proteins (14, 15) and may be due to a number of factors currently under investigation, including differences in steric interactions and/or cytokine internalization and recycling. Overall, these data indicate that presence of the scTCR does not severely affect the biological functions of the hIL-15 in the c264scTCR/hIL-5 fusion molecule. Therefore, the scTCR domain of c264scTCR/hIL-15 was used as a detection tag in flow cytometry or cell-based activation analysis to characterize the biological functions of hIL-15.
The agonist effect of asparagine-to-aspartic acid substitution at amino acid residue 72 of IL-15
The molecular interactions between IL-15 and its receptor chain IL-15R␣ have been determined by high-resolution, x-ray diffraction structural analysis (16, 17) . However, due to the high-affinity interaction between IL-15 and IL-15R␣ and the manner in which the IL-15-IL-15R␣ complex is trans-presented to the IL-15R␤-␥ c complex on T lymphocytes and NK cells, we believe that further improvement in the affinity between IL-15 and IL-15R␣ may not have a significant impact on the stimulation of the IL-15R signaling machinery in vivo. Therefore, we were particularly interested in improving the interaction between the IL-15 and IL-15R␤ because this receptor chain is known to be responsible for stimulating Jak-1-, Stat5-and AKT-dependent signaling pathways that support cellular survival and proliferation (18 -21) .
We used the known molecular structure of the interaction between hIL-2 and IL-2R␤ and sequence alignment of hIL-2 and hIL-15 to identify the targeted sequences for site-specific mutagenesis. The amino acid residues Asp-20 on helix A and Asn-88 and Glu-95 on helix C of hIL-2 were known to be involved in interactions with hIL-2R␤ (22, 23) . Amino acid sequence alignment between hIL-2 and hIL-15 identified the amino acid residues Asp-8 on helix A and Asn-65 and Asn-72 on helix C of hIL-15 as likely equivalents to that of hIL-2 mentioned above. Structurefunction analysis of hIL-15 support the biological importance of Asp-8 and Asn-65 amino acid residues we identified using this method (24 -26) . PCR-based mutagenesis was then used to introduce multiple mutations into the coding region of hIL-15 at amino acid residues Asp-8, Asn-65 and Asn-72 on the c264scTCR/hIL-15 fusion molecule. The muteins were then produced in CHO cells, purified, and used in 32D␤ cell-proliferation assays. As shown in Table I , fusion proteins with hIL-15 mutations at amino acid 8 or 65 completely lost their biological activity to support the proliferation of 32D␤ cells, whereas the hIL-15N72D fusion mutein provided better cell stimulatory activity. Compared with the c264scTCR/hIL-15 fusion protein, c264scTCR/hIL-15N72D displayed greater than a 5-fold increase in bioactivity for promoting 32D␤ cell growth (EC 50 : 79 pM for c264scTCR/hIL-15N72D vs 430 pM for c264scTCR/hIL-15; Fig. 2A ). Additional substitutions at the amino acid residue 72 were further introduced and their biological activities were also assessed to support of 32D␤ cell proliferation (Fig. 2B) . Among the nine muteins, the glycine, arginine, and lysine substitutions were found to exhibit substantially weaker cell stimulation activity than that of the wild-type hIL-15. The other substitutions, however, including the aspartic and glutamic acid substitutions, enhanced the cell proliferation activity of their corresponding hIL-15 muteins. Interestingly, the alanine substitution did not significantly affect the cell proliferation activity of the hIL-15 mutein. Because alanine has no side chain, this finding suggests that the Asn-72 side chain may not contact the hIL-15R␤ as we initially thought.
To assess whether the agonist effect of hIL-15N72D is dependent on the fusion protein format, we directly expressed rhIL-15 and rhIL-15N72D mature proteins in E. coli as insoluble inclusion bodies using a T7 promoter-driven or temperature-controlled P L expression vector (10, 27) . The inclusion bodies were purified and refolded as described in Materials and Methods. The biological activity of refolded rhIL-15 produced by the expression methods was equivalent (data not shown). The activities of rhIL-15 and rhIL-15N72D proteins were compared in the 32D␤ cell proliferation assays. As shown in Fig. 2C , rhIL-15N72D exhibits 3-4-fold stronger activity than that of rhIL-15 in 32D␤ cell proliferation assays (EC 50 : 39.9 pM for rhIL-15N72D vs 142 pM for rhIL-15). These data demonstrate that the effect of the N72D mutation on hIL-15 is not dependent of the c264TCR fusion domain on c264scTCR/hIL-15 molecule.
N72D effect is restricted to human IL-15R␤
When CTLL-2 cells expressing mIL-15R␣-mIL-15R␤-m␥ c were used in proliferation assays, the relative activities of c264scTCR/ hIL-15 and rhIL-15 proteins were similar to those observed with 32D␤ cells; though, as expected, the proteins were 15-20-fold more potent due to the presence of the high affinity mIL-15R␣-chain (Table  II) . Consistent with results of previous reports (24 -26) , the hIL-15 Asp-8 and Asn-65 muteins were incapable of supporting growth of CTLL-2 cells (Table I) . However, in contrast to 32D␤ cell assays, the c264scTCR/hIL-15N72D fusion protein did not exhibit significantly better biological activity compared with the c264scTCR/hIL-15 for CTLL-2 cell proliferation ( Table I ). The EC 50 s for both hIL-15N72D and wild-type hIL-15 fusion proteins were ϳ18 pM in assays with CTLL-2 cells (Fig. 3A) . Similarly, no difference in biological activities for the free rhIL-15 and rhIL-15N72D cytokines was observed with this cell line (EC 50 s were ϳ9 pM for both rhIL-15N72D and wild-type rhIL-15; Fig. 3B ). As indicated above, the CTLL-2 cells express the mIL-15R␣-mIL-15R␤-m␥ c complex whereas 32D␤ cells express m␥ c and transfected hIL-15R␤ (28) . Therefore, we speculate that the increased agonist effect of hIL-15N72D was either masked by the presence of the high affinity mIL-15R␣ subunit or required FIGURE 2. Effect of wild-type hIL-15 and muteins on 32D␤ cell proliferation. 32D␤ cells (hIL-15R␤-m␥-positive) were incubated with increasing concentrations of hIL-15-containing proteins for 48 h and proliferation assays were performed as described in Fig. 1 . A, Dose-response curves of 32D␤ cell proliferation assessed with different concentrations of c264scTCR/hIL-15 wild type (f) and c264scTCR/hIL-15N72D (Ⅺ) fusions. B, Proliferation assays of 32D␤ cells using c264scTCR/hIL-15 and nine hIL-15 mutein fusion proteins were conducted. The activity based on EC 50 of c264scTCR/hIL15 wild-type (WT) fusion was normalized to 100% and the relative activities of position 72 mutein fusions were determined. C, Dose-responses curves of 32D␤ cell proliferation assessed with different concentrations of rhIL-15 wild-type (f) and rhIL-15N72D (Ⅺ) proteins. The results are representative of at least three independent experiments. WT, Wild type; E, glutamic acid; A, alanine; S, serine; D, aspartic acid; Y, tyrosine; G, glycine; R, arginine; K, lysine; P, proline. the hIL-15R␤. To distinguish these possibilities, we introduced the hIL-15R␤ gene using a recombinant retroviral vector into the human erythroleukemia cell TF-1 (29) . TF-1 cells express endogenous hIL-15R␣ and h␥ c . The transfectants carrying hIL-15R␤ were identified using the anti-CD122 mAb in flow cytometry analysis (Fig. 4A ) and the resulting cell line is designated TF-1␤. When TF-1␤ cells were used in cell proliferation assays for rhIL-15 and rhIL-15N72D, we observed that the rhIL-15N72D exhibited three to four-fold better activity than that of wild-type rhIL-15 (EC 50 ϭ 4.8 pM for rhIL-15N72D vs EC 50 ϭ 16.0 pM for rhIL-15; Fig. 4B ). When the parental TF-1 cells were used in the cell proliferation assay, no activity was observed for either rhIL-15N72D or rhIL-15. Although the relative levels of the IL-15R␣ and IL-15R␤-␥ c subunits may influence the responses observed, the finding that the rhIL-15N72D mutein showed enhanced activity on 32D-␤ (hIL-15R␤-m␥ c positive) and TF-1␤ (hIL-15R␣-hIL-15R␤-h␥ c positive) cells but not CTLL-2 cells (mIL-15R␣-mIL-15R␤-m␥ c positive) suggests that hIL-15R␤ is the target of the superagonist activity of the hIL-15N72D mutein.
When comparing the effect of rhIL-15 on 32D␤ cell growth with rhIL-15N72D mutein on TF-1␤ cell growth, it appears that the combined effects of the hIL-15/hIL-15R␣ complex formation and rhIL-15N72D superagonist activity resulted in a ϳ30-fold increase in biological activity over rhIL-15 alone (Table II) . To investigate this further, we tested the activity of rhIL-15 and rhIL-15 N72D on 32D␤ cell proliferation in the presence and absence of soluble IL-15R␣-IgG Fc protein. Pre-association of IL-15 with IL-15R␣-Fc fusions or other soluble IL-15R␣ molecules has previously been shown to enhance the biological activity of IL-15 in vitro and in vivo (5-7, 30, 31) . Consistent with these reports, we found that addition of either mouse or human IL-15R␣-Fc fusion protein to equal molar concentrations of rhIL-15 provided about a 3-fold shift in the IL-15-dependent proliferation response of 32D␤ cells (Table III) . In this study, the rhIL-15N72D mutein displayed ϳ7-fold lower EC 50 than wild-type rhIL-15 and the superagonist activity was enhanced further by pre-association with either mouse or human IL-15R␣-Fc molecules. Overall, the rhIL-15N72D/hIL-15R␣-Fc complex exhibited a 10-fold lower EC 50 than rhIL-15 alone for supporting 32D␤ cell growth. The fact that similar effects were seen with soluble mouse and human IL-15R␣-Fc suggests that the differences in hIL-15N72D activity observed on CTLL-2 and TF-1␤ proliferation were not due to the species-specific differences in the IL-15R␣ subunit. 
N72D substitution increases human IL-15 binding affinity to human IL-15R␤
To verify that the N72D substitution does not change the binding affinity of hIL-15 to hIL-15R␣, we constructed a fusion protein by substituting the hIL-15 coding region of c264scTCR/ hIL-15 with the sushi-binding domain of hIL-15R␣. This fusion molecule is designated as c264scTCR/hIL-15R␣Su and was used in an ELISA-based method to examine the hIL-15R␣-binding capability of the hIL-15 and hIL-15N72D proteins. When c264scTCR/hIL-15, c264scTCR/hIL-15N72D, rhIL-15, or rhIL-15N72D was added to c264scTCR/hIL-15R␣Su-coated microtiter plates in a final concentration ranging from 10 to 10 4 pM and probed by biotinylated anti-hIL-15 mAb and HRP-conjugated streptavidin, we found that all of the proteins bound equally well to hIL-15R␣Su (Fig. 5A) . Thus, the N72D mutation did not enhance the binding of hIL-15 to hIL-15R␣. This was further confirmed in flow cytometry-based competition analysis using cell lines expressing hIL-15R␣. As shown in Fig.  5B 
The N72D mutation improves the anti-apoptotic and signal transduction activities of IL-15
To examine whether the N72D mutation increases the cell signaling potency of hIL-15, TF-1␤ cells were activated with equal and rate-limited amounts of hIL-15N72D or hIL-15. The phosphorylation intensity was compared for Jak1 and Stat5, two signal transducers involved in the signaling pathway of the IL-15 receptor. As shown in Fig. 6 , both Jak1 and Stat5 were phosphorylated at a higher level by rhIL-15N72D than by rhIL-15, indicating the superiority of the mutein for inducing IL-15R-dependent cell signaling. Similarly, rhIL-15N72D provided a better concentration-dependent decrease in apoptosis of 32D␤ cells than was observed with rhIL-15 (EC 50 ϭ 7.8 pM for rhIL-15N72D and EC 50 ϭ 27.5 pM for rhIL-15; Fig. 7 ). Overall, the hIL-15N72D mutein exhibited enhanced cell signaling and 3-fold greater anti-apoptotic activity than wild-type hIL-15.
Discussion
Structural analysis has revealed detailed similarities in the four helical domains of IL-15 and IL-2 and has provided information on specific interactions of these cytokines with corresponding unique receptor ␣ subunits and shared receptor ␤-␥ c chains. Additionally, molecular model-driven mutagenesis has been further used to characterize these cytokines and has lead to the identification of IL-15 muteins that interact with IL-15R␣ with higher affinity and more potent biological activity for supporting IL-15-responsive cell growth (25) . However, the utility of such muteins is unclear. In vivo, IL-15 is trans-presented by APCs expressing IL-15R␣ to neighboring NK or CD8 ϩ T cells expressing IL-15R␤-␥ c chains. This characteristic in combination with the already very high affinity of unmutated IL-15 for IL-15R␣ (i.e., K d ϳ 10 pmolar) (3) and likelihood that in vivo responses are limited by free IL-15R␣ levels (5) make it almost impossible to substantially increase the density of IL-15-IL-15R␣ complexes on APCs by supplying stronger IL-15R␣-binding IL-15 muteins extracellularly. Therefore, we have focused on extending this mutagenesis approach to identify amino acid residues in the hIL-15 helix C domain that enhance binding to the hIL-15R␤-chain to increase IL-15 functional activity. In this study, we demonstrate that one of the resulting hIL-15 mutein with the N72D mutation is able to retain the binding to hIL-15R␣ and exhibited enhanced cell binding and biological activity on cells expressing either IL-15R␤-␥ c or IL-15R␣-IL-15R␤-␥ c complex. Thus, this mutein as a free cytokine and in the context of trans-presentation by IL-15R␣-bearing cells is expected to provide increased immunostimulatory activity to IL-15R␤-␥ c -positive immune effector cells.
Studies have shown that changes in conserved amino acid residues in the center of IL-15 helix A or C lead to an abrogation of functional activity, presumably due to the loss of their ability to bind to IL-15R␤ (24 -26) . Similar findings were observed with the TCR/hIL-15 muteins described here, where amino acid substitutions at Asp-8 (helix A) or Asn-65 (helix C) resulted in molecules that lacked the ability to support cytokinedependent cell growth (Table I ) and inhibited the activity of unmutated hIL-15 on cells expressing the IL-15R␣-IL-15R␤-␥ c complex (data not shown). These effects are consistent with the involvement of the equivalent residues in hIL-2 that form the hydrogen bond network with side chains of hIL-15R␤ and bound water molecules (22, 23) . A similar approach using structural comparisons of hIL-2 and hIL-15 led us and others to suggest that the asparagine at position 72, located two helical turns from the Asn-65 residue, may also play a role in binding hIL-15R␤ (16) . However, our data indicate that substitutions at this position do not abrogate the hIL-15 biological activity. In fact, changes from Asn-72 to several different amino acids, including Ala and Pro, generate more active molecules. These findings suggest that the Asn-72 side chain is either not involved or may interfere with binding to hIL-15R␤. In hIL-2, a glutamic acid residue at the equivalent position (aa 95) forms a salt bridge with the Arg side chain at position 41 of hIL-15R␤ (22, 23) . The observation that the hIL-15N72D mutein exhibits high biological activity suggests that the newly introduced Asp side chain may enable the hIL-15 to form a similar salt bridge with the Arg side chain at position 41 of hIL-15R␤. The substitution of Asn-72 for Arg or Lys resulted in less active molecules, indicating that basic side chains are not favored at this position and supporting our suggestion that a negatively charged amino acid side chain is required to form such an additional salt bridge with hIL-15R␤. Together, these results demonstrate that changes at position 72 of hIL-15 can give rise to cytokine variants with tunable activity.
There is additional evidence that certain residues in the hIL-15 helix C can affect interactions with the hIL-15R␣-chain (25, 26) . Muteins carrying substitutions at positions 66 and 67 were found to have reduced binding to hIL-15R␣ and h␥ c -positive TF-1 cells and to have no biological activity to support TF-1␤ cell growth. These residues are located in the hydrophobic core of helix C and contact the adjacent helix B involved in hIL-15R␣ binding. In contrast, position 72 lies on the solventexposed side of helix C and is not predicted to influence the hIL-15R␣ binding domain (16) . This was verified by using cell and hIL-15R␣ protein binding assay in which the hIL-15N72D mutein showed equivalent hIL-15R␣ binding activity as wildtype hIL-15. It is also possible that binding of hIL-15R␣ affects hIL-15 helix C-hIL-15R␤ interactions. This has been postulated to be the case for IL-2 because formation of the IL-2-IL-2R␣ complex causes a conformational change in IL-2 helix C that may allow it to bind IL-2R␤ more effectively (22) . Interestingly, IL-2R␣ itself does not make any contact with IL-2R␤ or ␥ c chain. Hence, the induced conformational change in helix C may be the sole factor providing the increased biological activity of the high affinity IL-2-IL-2R␣-IL-2R␤-␥ c complex. Interactions between hIL-15R␣ and hIL-15 also result in higher binding affinity to hIL-15R␤-h␥ c complex and increased biological potency (32) . It remains to be determined whether these effects are due to a similar change in hIL-15 conformation and/or interactions of the hIL-15R␣ with other receptor chains. Regardless of whether this process occurs or not, the same 4 -5-fold increase in potency was observed when comparing hIL-15N72D with wild-type hIL-15 in hIL-15R␤-bearing cells with and without the IL-15R␣-chain (i.e., 32D␤ and TF-1␤ cells, see Table II ), suggesting that the enhancement of the N72D mutation in IL-15 is independent of hIL-15R␣-mediated effects. Additionally, based on the 132 pM EC 50 of rhIL-15 in 32D␤ cell proliferation assays compared with the 4.8 pM EC 50 of rhIL-15 N72D in TF-1␤ cell proliferation assays (Table II) , the combined effects of the hIL-15-hIL-15R␣ complex formation and hIL-15N72D superagonist activity appeared to result in a 30-fold increase in biological activity. As discussed below, the distinct nature of these effects may be advantageous in generating highly potent immunotherapeutic molecules.
Comparison of rIL-15N72D activity in cells expressing the human or murine IL-15R␣-IL-15R␤-␥ c complex indicated that the superagonist activity is likely specific to hIL-15R␤. Although the critical Asp-8 and Asn-65 residues of IL-15 and their putative binding sites in IL-15R␤, which are based on the IL-2-IL-2R␤ structure (22, 23) , are conserved between human and mouse, variations in the amino acid residues at position 72 of IL-15 (human: Asn, mouse: Ser) and position 41 of IL-15R␤ (human: Arg, mouse; Leu) suggest that our proposed stabilizing interactions between the N72D mutein and hIL-15R␤ is not formed with the mIL-15R␤-chain. Species-specific differences in the activities of human and mouse IL-15 with cells expressing IL-15R complexes have been described previously (33) . In particular, hIL-15 was ϳ700-fold more active than mIL-15 when signaling through the hIL-15R␤-␥ c complex, whereas mIL-15 was 200-fold more active than hIL-15 when signaling through the mIL-15R␤-m␥ c . It is likely that residues outside of the conserved central helical positions of IL-15 play a key role in the binding interactions and are responsible for the reported species-specific differences (17) . To further assess the importance of the C-terminal domain of helix C, efforts are underway to determine whether mutations at position 72 and adjacent residues of mIL-15 helix C are capable of conferring the partial or superagonist activity observed with the hIL-15. Studies using such muteins in mouse models may provide correlative information on potential effects of hIL-15D72N mutein on human immune responses. Additionally, based on the similar binding relationships between four-helix bundle cytokines and ␥ c chain receptors, modification of the C-terminal domain of helix C in other cytokines, including IL-2 and IL-4, may result in partial or superagonists with enhanced clinical utility.
Function analysis of the binding of paired cytokines, IL-2 and IL-15 or IL-4 and IL-13, to shared receptor complexes suggests that different affinities of the cytokines for each receptor chain and varying concentrations of the cytokines and plasma membrane-bound receptors affect the receptor signaling processes and the resulting biological responses (34, 35) . When the cell signaling potentials of rhIL-15 and rhIL-15N72D proteins were compared in TF-1␤ cells, the rhIL-15N72D mutein stimulated Jak1 and Stat5 phosphorylation in a more intense manner than wild-type rhIL-15. Additionally, the mutein conferred better antiapoptotic activity than the wild-type IL-15 in 32D␤ cells. Because these responses are associated with both IL-15R␤ and ␥-chains (36, 37), these results suggest that improved binding of the hIL-15N72D mutein to hIL-15R␤ results in a more abundant and/or more stable formation of hIL-15-hIL-15R␤-h␥ c complex that is capable of enhancing cell signaling via both receptor chains. When comparing the activity of IL-2 and IL-15 in Ag-activated T cells, Cornish et al. (34) reported that both cytokines were equivalent in stimulating cell proliferation but IL-2 was much more potent than IL-15 at inducing amino acid uptake and protein synthesis. It was suggested that these differences were due the distinct ability of each cytokine to bind its receptor and modulate receptor levels, resulting in more transient intracellular signaling by IL-15 compared with IL-2. Evaluation of the hIL-15 muteins, particularly the hIL-15N72D superagonist and hIL-15N72R partial agonist, in a similar human immune cell system should provide additional insight into the role of hIL-15-hIL-15R␤ interactions in IL-15-stimulated responses.
A recent review named 12 immunotherapy drugs that could potentially cure cancer (38) . When ranked in order of importance, IL-15 was first on the list due to its ability to maintain long-lasting T cell responses to pathogens by supporting the survival of CD8 ϩ cells. Several different approaches are being developed to exploit the therapeutic potential of IL-15. Administration of IL-15 in combination with immunostimulants, chemotherapy, or adoptive cell therapies has been shown to provide anti-tumor activity in animal models (39 -43) . However, the short half-life and need for high doses to achieve biological responses is a major obstacle for therapeutic use of IL-15. A targeted approach designed to concentrate the biological activity of IL-15 at the tumor site may be able to overcome this limitation. For example, a single-chain Ab-IL15 fusion protein directed against the extra domain B of fibronectin was shown to have activity against s.c. and metastatic tumors in mice (15) . In addition, we have previously demonstrated that hIL-2 fused to a soluble TCR domain that recognized a p53 peptide could provide more potent anti-tumor activity against p53 ϩ s.c. tumor xenografts than rhIL-2 alone (1). Both tumor Ag-specific targeting and improved biological half-life contributed to the antitumor activity of the TCR/IL-2 fusion protein (2). This approach also shows efficacy at lower doses, thereby reducing the systemic side effects associated with cytokine treatment. We found that a similar fusion could be generated between the p53 peptide-specific TCR and hIL-15, wherein both TCR and hIL-15 domains (including hIL-15N72D superagonist) retained functional activity. Recently, it has been shown that various types of preformed complexes between IL-15 and soluble IL-15R␣ could also exhibit enhanced biological activity and increased anti-tumor responses in animal models (5-7, 30, 31) . Our cell-based assays indicate that the activity of the rhIL-15 N72D and TCR/hIL-15N72D muteins could be augmented further through interaction with soluble hIL-15R␣ (Table III, data not shown), suggesting that these agonist effects act through different mechanism that can be combined in a single strategy. To this end, we have created various fusion molecules to exploit the opportunities of using the hIL-15N72D mutein with the p53-specific TCR molecule as a targeted immunotherapeutic. Successful evaluation of these molecules in tumor efficacy models may allow the advancement of this improved targeted therapeutic approach into clinical testing in patients with p53 ϩ tumors.
